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Abstract
Sport-related brain injury is very common, and the potential long-term effects include a wide range of neurological and psychi-
atric symptoms, and potentially neurodegeneration. Around the globe, researchers are conducting neuroimaging studies on
primarily homogenous samples of athletes. However, neuroimaging studies are expensive and time consuming, and thus current
findings from studies of sport-related brain injury are often limited by small sample sizes. Further, current studies apply a variety
of neuroimaging techniques and analysis tools which limit comparability among studies. The ENIGMA Sports Injury working
group aims to provide a platform for data sharing and collaborative data analysis thereby leveraging existing data and expertise.
By harmonizing data from a large number of studies from around the globe, we will work towards reproducibility of previously
published findings and towards addressing important research questions with regard to diagnosis, prognosis, and efficacy of
treatment for sport-related brain injury. Moreover, the ENIGMA Sports Injury working group is committed to providing
recommendations for future prospective data acquisition to enhance data quality and scientific rigor.
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Sport-related brain injury
Sport-related brain injury is a broad term that describes alter-
ations in brain structure and function resulting from mechan-
ical forces to the head sustained while participating in sports.
The most common forms of sport-related brain trauma are
typically categorized as sport-related concussion (SRC) and
exposure to repetitive head impacts (RHI) which may have
cumulative effects on brain structure and function. Stages of
brain alterations due to sport-related brain injury have been
described as acute/subacute, chronic but static, and progres-
sive neurodegenerative decline, as shown in Fig. 1.
Sport-related Concussion (SRC) is common in athletes. An
estimated 1.6 to 3.8 million people suffer from SRC annually
in the United States alone (Daneshvar et al. 2011; Laker 2015;
Langlois et al. 2006). SRC occurs in all sports, but incidence
rates are highest in contact and collision sports such as foot-
ball, soccer, rugby, or ice hockey (Guskiewicz et al. 2000;
Laker 2015; Marar et al. 2012; Meehan et al. 2010). SRC is
characterized by a sudden, but typically, transient impairment
in brain function following an impact to the head, face, neck,
or body. Symptoms of SRC include headache, dizziness, vi-
sual ocular dysfunction, loss of memory, and confusion and
resolve within weeks in adults and up to a month in children
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and adolescents (Iverson et al. 2017). It is estimated that about
10–15% of individuals with SRC will experience prolonged
symptoms which often include headache, trouble concentrat-
ing, and sleep disturbances (McCrory et al. 2013, 2017).
However, currently, there are no objective biomarkers that
would assist medical diagnosis, prognosis, and recovery.
Repetitive Head Impacts (RHI) are even more common
than SRC. Athletes participating in contact and collision
sports are often exposed to thousands of head impacts, e.g.,
when heading the ball in soccer (Koerte et al. 2015b; Stewart
et al. 2017). RHI may not result in acute symptoms and are
therefore also sometimes called “subconcussive head im-
pacts”. However, even in the absence of acute symptoms (as
indicated by a horizontal dotted line in Fig. 1), exposure to
RHI over time may have cumulative effects on brain structure
and function. In fact, RHI has been associated with both tran-
sient and persistent impairment of neurological, behavioral,
and cognitive function (Koerte et al. 2015b, 2015c;
Montenigro et al. 2017), as well as potentially with an in-
creased risk for developing a neurodegenerative disease
(Lehman et al. 2012; Mackay et al. 2019; Nguyen et al.
2019). However, to date, little is known about the risk factors
for adverse outcome and there are no known biomarkers for
the prediction of clinical symptoms and dysfunction.
Taken together, given the large number of individuals par-
ticipating in sports and the potential for long-lasting and del-
eterious symptoms of both SRC and RHI, it is important to
develop biomarkers for early diagnosis, monitoring, and prog-
nosis. A better understanding of the effects of SRC and RHI,
and risk factors for long-term symptoms is needed to develop
targeted treatments and improve outcomes.
In recent years, we have seen an exponential increase in
research efforts aimed at understanding the effects of SRC
and RHI (Bigler 2018; Hasan et al. 2018; Koerte et al.
2015b; McCrory et al. 2013, 2017; Slobounov et al. 2012).
Although these studies have substantially changed how
sport-related brain trauma is managed and have promoted
rule changes across sports, the generalizability of findings
from many of these studies is reduced due to a number of
limitations. First, the majority of current studies include
small samples sizes – mainly due to limited research funding
– and are thus often underpowered. Second, to date, most
studies focus on homogenous samples such as athletes from
a single sport (e.g., American football or soccer) which may
not account for anthropometric differences that could poten-
tially contribute to the trajectory of recovery. Third, if con-
trol groups are included at all, then case-control study de-
signs are common, where athletes with SRC or contact sport
athletes (who are at an increased risk for RHI) are compared
to non-athletes or athletes from non-contact sports, respec-
tively. By doing so, potential differences in outcome mea-
sures of brain structure and function between athletes with
SRC and controls are likely confounded by sport-specific
factors such as differences in level of strength versus endur-
ance training. Fourth, longitudinal and prospective studies
are sparse. Most studies are limited to post SRC or post
RHI-exposure measurements, thus limiting our understand-
ing of changes occurring over time regarding symptoms as
well as brain structure and function. Finally, there are only
very few multi-site studies on SRC or RHI that include
specific populations such as collegiate contact sports athletes
only (e.g., the NCAA-DoD CARE Consortium (Broglio
et al. 2017)). To date, there are also very few international
multi-site projects (e.g., the ERA-NET Neuron project
REPIMPACT) which would have the potential to identify
generalizable effects of regional differences. While these
large-scale, multi-site projects will significantly advance
the field, they also require appropriate funding and often
also a centralized data base which limits possible participa-
tion of collaborators around the globe.
Fig. 1 Multi-stage disease model of short- and long-term consequence
following sport-related brain injury (adapted from Koerte et al. Brain
Pathology, 2015). Quality of life is indicated by symptom load, which
is expressed as a function of time, thereby allowing for the differentiation
between at least three main trajectories of the disease including an acute/
subacute phase, a chronic/static phase, and a phase of possible
neurodegeneration
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However, it is important to improve our understanding of
the clinical long-term implications of sport-related brain inju-
ry, and this field of research needs to address important ques-
tions by providing robust, reliable and reproducible data that
will inform athletes, clinicians, and policy makers.
Important questions to address in future
studies
What is the underlying physiology and
pathophysiology of SRC and RHI?
Sport-related head impacts may cause shear deformation of
the brain, leading to microscopic strains that may result in
temporary alterations in axonal membrane permeability, ionic
shifts, and impaired oxidative metabolism (Giza and Hovda
2014). Additive effects may include a decrease in total cere-
bral blood flow, activation of N-methyl-D-aspartate receptors,
and a decrease in gamma-aminobutyric acid (GABA) and
other inhibitory neurotransmitters (Filipcik et al. 2015). RHI
is assumed to trigger chronic neuroinflammatory processes
which, in some cases, may result in long-term neurodegener-
ation (Cheng et al. 2020). However, our knowledge of the
underlying pathomechanisms is still limited. Identifying brain
abnormalities following SRC and RHI in vivo requires the
application of highly sensitive measures of brain structure
and function. Such measures are extant. In fact, state-of-the-
art neuroimaging techniques such as diffusion MRI imaging
(dMRI), functional MRI (fMRI), positron emission tomogra-
phy (PET), and MR spectroscopy (MRS), provide unprece-
dented sensitivity and make it possible to detect even subtle
brain alterations (Koerte et al. 2015b) in vivo. As such, the
inclusion of many of these neuroimaging techniques in studies
of SRC and RHI have provided important insight into physi-
ological, pathophysiological, neurological processes, and tra-
jectory of recovery (Bigler 2018; Hasan et al. 2018; Koerte
et al. 2015b; Slobounov et al. 2012). However, reproduction
of findings in larger samples and across cohorts is needed and
validation of imaging markers with clinical outcome is re-
quired, both of which could benefit from data or cohort
aggregation.
How can we characterize the nature of and
mechanisms underlying altered brain structure and
function?
Interpretation of an increase or decrease in measures of white
matter organization, such as fractional anisotropy based on
diffusion tensor imaging (DTI) is challenging, particularly in
populations exposed to RHI, in that it is difficult to differen-
tiate whether the changes in DTI metrics are, for example, due
to neuroinflammation or to reduced neuronal integrity
(Chamard et al. 2016; Henry et al. 2011; Schranz et al.
2018). Moving forward, the combination of multiple neuro-
imaging techniques may help to characterize better brain
structural and functional changes. MRS, which allows for
the measurement of metabolites sensitive to neuroinflamma-
tion (gluthathione), neuronal viability (N-acetyl aspartate),
and axonal injury (choline (Alosco et al. 2019; Koerte et al.
2015a)), may further inform the interpretation of DTI metrics
in the same individual. Thus, studies including multimodal
neuroimaging, are likely to be more sensitive and more spe-
cific to subtle neural alterations associated with RHI and SRC.
In addition, harmonization of imaging data across different
cohorts will open up new opportunities to explore combina-
tion of modalities and imaging measures (Cetin Karayumak
et al. 2019).
What are the modulating factors in the development
of persistent symptoms?
Recent studies have identified a number of risk factors for the
development of persistent symptoms. Known risk factors in-
clude severity of acute and subacute symptoms, age at time of
injury, sex, history of chronic headache or migraine prior to
injury, mental health problems prior to injury, and history of
previous brain injury (Iverson et al. 2017; Zemek et al. 2013).
However, there are also important caveats in identifying risk
factors and interpreting outcomes based on current studies.
Specifically, many studies do not account for differences in
pre-injury symptoms, cognitive function, behavioral health, or
developmental/learning abilities, or how these multiple
premorbid variables can interact to influence outcomes
(Iverson et al. 2017). Still other studies lack adequate compar-
ison groups and are limited in sample size. Future studies thus
need to replicate findings on potential risk factors in larger
samples and across various sports. Moreover, future studies
need to investigate and identify other possible risk and mod-
ulating factors including hormonal, environmental, behavior-
al, and genetic factors as well as common comorbidities such
as sleep issues and chronic headache. By curating and harmo-
nizing data across cohorts, more sophisticated statistical
models might be used to improve our understanding of the
interaction between these variables.
What is the influence of confounding factors such as
participating in sports with differing exposure to
brain trauma, training regimens, and access to
medical and athletics staff?
Collision and contact sports (e.g., American football or ice
hockey) are associated with higher incidence and risk of
SRC than non-contact sports such as baseball or swimming
(Daneshvar et al. 2011; Kerr et al. 2017). Thus, our under-
standing of the effects of SRC is largely drawn from data
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consisting primarily of male football athletes (Daneshvar et al.
2011). There are, however, considerable differences between
sports including various degree of exposure to RHI and SRC,
differences in training regimens, life-style, sport culture, and
diet (Holway and Spriet 2011; Hootman et al. 2007). Further,
there are also likely biological and genetic differences be-
tween athletes who choose to participate in different types of
sports. Finally, the knowledge, training, and expertise of
healthcare professionals and athletics personnel who are re-
sponsible for diagnosing SRC may further impact diagnosis
and outcome of SRC as well as data quality collected in the
study of SRC. This is a particular concern when collecting
data in high school and recreational athletes, where only ap-
proximately 42% of high schools in the United States have
access to a certified athletic trainer and others do not have
access to any trained medical staff (Karlin 2011).
What are differences in outcomes in relation to
biological sex and gender?
It will be important for future studies to differentiate between
variations in outcomes due to sex (biological factors such as
chromosomes, sex hormones, and genetics), versus gender
(behavior, lifestyle, and social and cultural norms). Female
athletes may report greater frequency and severity of symp-
toms and are at increased risk for developing persistent symp-
toms (Broshek et al. 2005; Desai et al. 2019; Iverson et al.
2017). Differences in the way symptoms are being reported by
males compared to females may play a role (Desai et al. 2019;
Dolle et al. 2018; Iverson et al. 2017; Koerte et al. 2020).
However, differences in symptoms may also be due to biolog-
ical differences in brain structure and function that may lead to
increased vulnerability of the female brain to shear forces
(Dolle et al. 2018) or differences in the neuroinflammatory
response to trauma (Villapol et al. 2017). Additionally, there
is evidence to suggest that decreased neck strength in female
athletes is associated with higher linear head acceleration
forces when the head is impacted compared to males
(Caccese et al. 2018; Tierney et al. 2005), which may increase
SRC risk and severity of outcomes associated with RHI. Other
work suggests that females may experience worse outcomes
dependent on when in the menstrual cycle they sustained a
SRC (Wunderle et al. 2014).
What are interactions between brain development
and SRC or RHI?
To date, studies investigating the effects of SRC and RHI on
the developing brain are sparse. Importantly, the effects of
SRC and RHI in childhood, adolescence, and young adult-
hood may extend well beyond the acute post-injury phase as
the injury likely affects the trajectory of brain development.
Even subtle chronic cognitive dysfunction may adversely
affect an adolescent’s developmental trajectory and may lead
to impaired psychosocial functioning and ultimately failure to
obtain developmental potential (Babikian et al. 2015; Giza
et al. 2005; Koerte et al. 2017). The most common long-
term symptoms following SCR include emotional problems
and subjective/objective cognitive dysfunction. In fact, new
onset mental disorder is more frequent in adolescents with
history of mTBI than in those without (Emery et al. 2016;
Max et al. 2012; Sariaslan et al. 2016). Importantly, children
and adolescents remain an understudied population, despite
the fact that they often participate in sports and that the devel-
oping brain is particularly vulnerable to injury.
ENIGMA approach and potential
Enhancing NeuroImaging Genetics through Meta-Analysis
(ENIGMA) is an international consortium of scientists inves-
tigating the genetic underpinnings of brain structure and func-
tion in a wide range of diseases. The ENIGMA consortium
currently includes nearly 1400 scientists across 43 countries
around the globe investigating neurological and psychiatric
diseases (for review, see (Thompson et al. 2014, 2020)). The
ENIGMA Brain Injury working group was founded in 2016
and is led by Drs.Wilde, Tate, and Dennis (Wilde et al. 2019).
The ENIGMA Brain Injury group includes subgroups dedi-
cated to specific populations: pediatric moderate to severe TBI
(msTBI (Dennis et al. 2019)), military-related head injury
(Tate et al. 2019), intimate partner violence (Esopenko et al.
2019), adult msTBI (Olsen et al. 2019), and methods, i.e., MR
spectroscopy (Bartnik-Olson et al. 2019) working groups.
The overall aim of the ENIGMA Sports Injury working
group is to move the field of research forward by addressing
important questions related to sport-related brain injury. In
order to do so, the ENIGMA Sports Injury working group
will:
1) establish a collaborative platform enabling discussion and
knowledge transfer;
2) leverage existing data by enabling data sharing and anal-
ysis on the basis of transparency, rigor, reproducibility,
and collaboration;
3) define key elements of the study of sport-related brain
injury and provide recommendations for future research.
Below we provide more detail regarding the three aims of
the ENIGMA Sports Injury working group:
1) Establish a collaborative platform: We aim to invite sci-
entists committed to the study of sport-related brain injury
from all over the world. It is our aim to serve as a platform
for scientific discussion, and to actively foster collabora-
tion between scientists with different expertise and
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background and at all levels of training. Our collaboration
is characterized by transparency and equality.
Importantly, we welcome all levels of participation de-
pending on the scientist’s interest, background, and abil-
ities. It is our expectation that the success of the ENIGMA
Sports Injury working group will be driven by the collec-
tive effort of the participating members of the working
group. Working group chairs provide leadership and sup-
port to coordinate efforts and to achieve planned aims.
Communication largely relies on regular teleconference
calls in addition to face-to-face meetings in alternating
locations, typically coinciding with conferences already
being attended by the majority of investigators interested
in this topic. Overall, we aim to develop a method for
open science that allows us to answer important questions
that require highly powered studies with large samples of
participants.
2) Leverage existing data: It is our mission to leverage
existing data by harmonizing data analysis pipelines and
subsequently combining data sets from studies on SRC or
RHI. In doing so, we will increase the number of data
points, thereby improving statistical power when
performing secondary analyses. This approach will make
it possible to address important questions such as the
nature and extent of sex or gender-related differences fol-
lowing SRC and RHI or differences between athlete sub-
groups such as those participating in sports with different
training regimens and access to various levels of medical
support. Further, combining many harmonized data sets
across studies and cohorts will allow us to explore the
integration of multimodal imaging data with clinical out-
come measures and fluid biomarkers. This will not only
significantly expand our knowledge on the pathophysiol-
ogy of sport-related brain injury but will also allow iden-
tification of biomarkers for prognosis. Ultimately, we aim
to inform personalized treatment towards improved out-
come after sport-related brain injury. Importantly, mem-
bers of the consortium decide on their level of participa-
tion in each analysis. Such levels of participation include
a) mega-analyses (sharing of raw data or output from such
data required) b) meta-analyses (no data sharing re-
quired), and c) development of methods and analysis
tools (no data needed). Further, as part of meetings coin-
ciding with conferences, we plan to offer in-person or
hands-on training workshops for data collection, organi-
zation, and analysis, and quality assurance techniques. To
support participating members with ready-to-use and ro-
bust analysis tools to combine existing data sets,
ENIGMA offers robust imaging analysis pipelines.
These pipelines have been tested across multiple sites
by a large number of ENIGMAworking groups dedicated
to a variety of neurological and psychiatric diseases
(Thompson et al. 2020). The respective analysis scripts
can be downloaded from the website (http://enigma.ini.
usc.edu/protocols/ (ENIGMAn.d.)) and technical support
is available.
3) Define key elements of the studies aimed at reducing the
acute and chronic effects of sport-related brain injury. The
ENIGMA Sports Injury working group is committed to
developing and providing recommendations for future
prospective data acquisition to enhance the possibilities
of data sharing through harmonization of protocols, qual-
ity assessment, and post-processing pipelines. As such,
short-term goals of the working group are: a) to develop
publicly available and user-friendly imaging analysis pro-
tocols; b) to determine the sensitivity and specificity of
advanced imaging modalities in clinical diagnosis and
predicting recovery; and c) to advance methods for har-
monization of data analysis and sharing across sites. Our
long-term goal is to develop protocols for consistency in
data collection where feasible (i.e., new studies beginning
data collection) and to further promote open science and
mega-analysis of data across sites to answer these impor-
tant, large-scale questions.
Summary
Current data from studies of sport-related brain injury is lim-
ited by small sample sizes and homogenous cohorts that is
being analyzed by a variety of analysis tools. The ENIGMA
Sports Injury working group aims to provide a platform for
data sharing and collaborative data analysis thereby leverag-
ing existing data and expertise. By harmonizing data from a
large number of sources from around the globe, we will col-
lectively work towards reproducibility of previously pub-
lished results and towards addressing important research ques-
tions with regard to diagnosis, prognosis, and recovery of
sport-related brain injury. Moreover, the ENIGMA Sports
Injury working group is committed to providing recommen-
dations for future prospective data collection to enhance data
quality and scientific rigor. The ENIGMA Sport Injury work-
ing group invites scientists from around the globe to join this
important effort.
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